Human organic anion transporter hOAT1 plays a critical role in the body disposition of clinically important drugs. We examined the role of the putative transmembrane segment (TM) 7 in the function of hOAT1. Each residue within putative TM7 was replaced by alanine, and the uptake of para-aminohippurate was studied in cells expressing the mutants. We discovered four critical amino acid residues: Trp-346, Thr-349, Tyr-353, and Tyr-354. Substitution of Tyr-353 and Tyr-354 with alanine led to the loss of transport activity without affecting the surface expression of the transporter, whereas substitution of Trp-346 and Thr-349 with alanine lead to the loss of the total expression of the transporter. The effect of side chains of Tyr-353 and Tyr-354 on transporter functions were further evaluated by replacing these residues with Phe or Trp. Among all the mutants studied (Y353W, Y353F, Y354W, and Y354F), only mutant Y353F regained 30% transport activity, which was lost from replacement of Tyr-353 with alanine, suggesting that both the -OH group and the size of the side chain at positions 353 and 354 are critical for maintaining the full transport activity. To investigate the mechanisms underlying the loss of total protein expression when Trp-346 and Thr-349 were replaced with alanine, mutant-expressing cells were treated with lysosomal or proteasomal inhibitors. Our results showed that only proteasomal inhibitors resulted in the accumulation of mutant proteins, indicating that proteasome is involved in the degradation of the mutant transporters. Therefore, Trp-346 and Thr-349 are critically involved in the stability of the transporter.
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Organic anion transporters (OATs) play essential roles in the body disposition of clinically important anionic drugs, including anti-human immunodeficiency virus therapeutics, antitumor drugs, antibiotics, and antihypertensive and nonsteroidal anti-inflammatory drugs (You, 2002; Burckhardt and Burckhardt, 2003; Eraly et al., 2004; Sweet, 2005; Sekine et al., 2006) . Six OATs (OAT1-6) have been identified by different laboratories (Lopez-Nieto et al., 1997; Sekine et al., 1997 Sekine et al., , 1998 Sweet et al., 1997; Wolff et al., 1997; Reid et al., 1998; Cihlar et al., 1999; Kusuhara et al., 1999; Lu et al., 1999; Cha et al., 2000; Ekaratanawong et al., 2004; Monte et al., 2004; Youngblood and Sweet, 2004) . These OATs have distinct organ and cellular localizations and different substrate specificities. OAT1 and OAT3 are predominantly expressed at the basolateral membrane of kidney proximal tubule cells and the apical membrane of brain choroid plexus (Kojima et al., 2002; Motohashi et al., 2002; Nagata et al., 2002) . OAT4, which is only found in humans, is expressed at the apical membrane of kidney proximal tubule cells (Babu et al., 2002) and the basolateral membrane of placental trophoblast (Ugele et al., 2003) . OAT2 is expressed in hepatocytes and in the kidney. The cellular localization of OAT2 in the kidney is still controversial. Human OAT2 was localized to the basolateral membrane of kidney proximal tubule , whereas mouse and rat OAT2 were localized to the apical membrane of the kidney proximal tubule (Ljubojevic et al., 2006) . OAT5 is expressed only in the kidney (Youngblood and Sweet, 2004; Anzai et al., 2005) . OAT6 is expressed in the olfactory mucosa (Monte et al., 2004) .
In the kidney, OAT1 and OAT3 use a tertiary transport mechanism to move organic anions across the basolateral membrane into the proximal tubule cells for subsequent exit across the apical membrane into the urine for elimination (You, 2002; Burckhardt and Burckhardt, 2003; Eraly et al., 2004; Sweet, 2005; Sekine et al., 2006) . Through this tertiary transport mechanism, Na ϩ K ϩ -ATPase maintains an inwardly directed (blood-to-cell) Na ϩ gradient. The Na ϩ gradient then drives a sodium dicarboxylate cotransporter, sustaining an outwardly directed dicarboxylate gradient that is used by a dicarboxylate/organic anion exchanger (termed OAT) to move the organic anion substrate into the cell. This cascade of events indirectly links organic anion transport to metabolic energy and the Na ϩ gradient, allowing the entry of a negatively charged substrate against both its chemical concentration gradient and the electrical potential of the cell.
OAT family and another closely related organic cation transporter OCT family belong to a large group of related proteins, the major facilitator superfamily (MFS). The members of MFS share common structural features, including 12 putative transmembrane-spanning domains and intracellular carboxyl and amino termini. Recent elucidation of highresolution crystal structures of two other MFS members, LacY (Abramson et al., 2003) and GlpT (Huang et al., 2003) , suggests that all MFS members may share a common fold. Based on such assumption, three-dimensional structure models of rat OCT1 (Popp et al., 2005) and rabbit OCT2 (Zhang et al., 2005) have been developed using the structural template of LacY and GlpT. In such a model, transmembrane-spanning domains 1, 2, 4, 5, 7, 8, 10, and 11 form a large hydrophilic cleft for substrate binding. By analogy, the corresponding transmembrane domains in OATs may also be involved in the binding of organic anions. The putative transmembrane domain 7 has been indicated to be important for substrate selectivity of rat OAT3 (Feng et al., 2002) . However, rat OAT3 is distinct from human OAT1 (hOAT1) in terms of substrate specificity and species difference. Therefore, whether the putative transmembrane domain 7 affects hOAT1 function is unknown. In the present study, we performed alanine-scanning mutagenesis of all the residues in the putative transmembrane domain 7 of hOAT1. We identified a group of residues critical for substrate binding and stability of hOAT1.
Materials and Methods
[ 3 H]p-Aminohippuric acid (PAH; 4.04 Ci/mmol) was from NEN Life Science Products (Boston, MA). Membrane-impermeable biotinylation reagent NHS-SS-biotin and streptavidin agarose beads were purchased from Pierce Chemical (Rockford, IL). QuikChange site-directed mutagenesis kits were purchased from Stratagene (La Jolla, CA). COS-7 cells were purchased from American Type Culture Collection (Manassas, VA). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Site-Directed Mutagenesis. Mutant transporters were generated by site-directed mutagenesis using hOAT1-myc as a template. Epitope myc was tagged to the carboxyl terminus of hOAT1 to facilitate immunodetection of the transporter. We previously showed that hOAT1-myc retained the functional properties of the unmodified hOAT1 (Tanaka et al., 2004) . The mutant sequences were confirmed by the dideoxy chain termination method.
Cell Culture and Transfections. COS-7 cells were grown at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum. Confluent cells were transfected with DNA plasmids using Lipofectamine 2000 reagent (Invitrogen). For each well of 12-well plates, 2 g of plasmid DNA was added into 125 l of Opti-MEM medium (Invitrogen) for 5 min and then mixed with another 125 l of Opti-MEM medium containing 5 l of Lipofectamine 2000 reagent. The mixture was incubated at room temperature for 20 min and diluted with 1250 l of Dulbecco's modified Eagle's medium before added into cell monolayer. As for cells plated on 48-well plates for uptake assays, 0.32 g of plasmid DNA and 0.8 l of Lipofectamine 2000 reagent were used for the transfection. The transfection efficiency was ϳ60% in all experiments as estimated by visualization by fluorescence microscopy after staining of OAT1-myc-transfected cells using anti-myc antibody in conjunction with fluorescein isothiocyanate-conjugated secondary antibody. Transfected cells were incubated for 48 h at 37°C and then used for transport assay and cell surface biotinylation.
Transport Measurements. For cells grown in 48-well plate, uptake solution was added. The uptake solution consisted of phosphate-buffered saline (PBS)/CM (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , 0.1 mM CaCl 2 , and 1 mM MgCl 2 , pH 7.4) and PAH (1 M [ 3 H]PAH and 19 M unlabeled PAH). Uptake was allowed to proceed for 10 min (within the linear range of the uptake), and then it was stopped by rapidly washing the cells with ice-cold PBS. The cells were then solubilized in 0.2 N NaOH, neutralized in 0.2 N HCl, and aliquoted for liquid scintillation counting. Uptake count was standardized by the amount of protein in each well. Values were mean Ϯ S.E. (n ϭ 3).
Cell Surface Biotinylation. Cell surface expression levels of hOAT1 and its mutants were examined using the membrane-impermeable biotinylation reagent NHS-SS-biotin (Pierce Chemical). hOAT1 and its mutants were transfected into cells grown in 12-well plates using Lipofectamine 2000 as described above. After 48 h, the medium was removed, and the cells were washed twice with 1 ml of ice-cold PBS/CM, pH 8.0. The plates were kept on ice, and all solutions were ice-cold for the rest of the procedure. Each well of cells was incubated with 0.5 ml of NHS-SS-biotin (0.5 mg/ml in PBS/CM) in two successive 20-min incubations on ice with very gentle shaking. The reagent was freshly prepared for each incubation. After biotinylation, each well was briefly rinsed with 1 ml of PBS/CM containing 100 mM glycine and then incubated with the same solution for 20 min on ice to ensure complete quenching of the unreacted NHS-SSbiotin. The cells were dissolved on ice for 1 h in lysis buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100 with 1/100 protease inhibitor cocktail, pH 7.4), and the cell lysates were cleared by centrifugation at 16,000g at 4°C for 20 min. Streptavidinagarose beads (Pierce Chemical) were then added to the supernatant to isolate cell membrane protein. hOAT1 and its mutants were detected in the pool of surface proteins by SDS-PAGE and immunoblotting.
To ensure that biotin was only labeling surface proteins, the integrity of the cell membrane during biotinylation was tested in each experiment by immunoblotting with an anti-actin antibody as we described previously (Xu et al., 2006) . In all experiments, actin immunoreactivity was only detected when cell membranes were permeabilized by 0.1% Nonidet P-40, confirming the impermeability of the biotinylation reagent.
Electrophoresis and Immunoblotting. Protein samples (30 g) were resolved on 7.5% SDS-PAGE minigels and electroblotted on to polyvinylidene difluoride membranes. The blots were blocked for 1 h with 5% nonfat dry milk in PBS/0.05% Tween 20. They were then washed and incubated for 1 h at room temperature with appropriate primary antibodies followed by horseradish peroxidase-conjugated secondary antibodies. The signals were detected by SuperSignal West Dura Extended Duration Substrate kit (Pierce Chemical).
Protease Treatment. hOAT1 and its mutants were transfected into COS-7 cells grown in 12-well plates using Lipofectamine 2000. Cells were then incubated in Dulbecco's modified Eagle's medium containing proteasome inhibitor MG132 (10 M) or lysosomal inhibitors leupeptin/pepstatin A (50 and 100 g/ml), NH 4 Cl (2, 5, and 15 mM), and chloroquine (100 and 200 M) individually. The inhibitors under these concentrations efficiently inhibited degradation of wildtype hOAT1 and therefore were used to test the stability of the mutant transporters. Treated cells were collected at specific times as indicated in the figure legends and lysed. Equal amount of proteins were loaded on 7.5% SDS-PAGE minigels and analyzed by immunoblotting as described previously.
Data Analysis. Each experiment was repeated a minimum of three times. The statistical analysis given was from multiple experiments. Statistical analysis was performed using Student's paired t tests. A p value of 0.05 was considered significant.
Results

Alanine Scanning of Residues in the Putative TM7.
The contribution of each residue in the putative TM7 to hOAT1 function was probed by systematically mutating each residue to alanine (A). The pre-existing alanine at position 348 and 352 were replaced by valine (V). The functional properties of these mutants were then determined by measuring the uptake of [ 3 H]PAH in mutant-transfected COS-7 cells. As shown in Fig. 1 , most of the mutants exhibited significant transport activity compared with that of the wildtype hOAT1. All the active mutants retained the characteristic of hOAT1 wild type as an organic anion exchanger. These active mutants also preserved the sensitivity of hOAT1 wild type to probenecid, an OAT1 inhibitor (data not shown). However, mutations at Trp-346, Thr-349, Tyr-353, and Tyr-354 resulted in complete loss of transport activity. Further studies were then focused on these nonfunctional mutants.
Cell Surface and Total Cell Expression. Because cellular uptake of PAH requires that the transporter be localized to the plasma membrane, we tested whether the abolished transport activity of these mutants was due to abnormal expression of the transporter at the plasma membrane. For this purpose, cell surface biotinylation was performed using a cell-impermeable reagent NHS-SS-biotin. Our results (Fig. 2a) showed that mutants Y353A and Y354A were abundantly expressed at the cell surface, whereas the surface expression of the mutants W346A and T349A was undetectable. 
Fig. 2.
Western blot analysis of cell surface expression and total cell expression of hOAT1 Wt and its mutants. a, cell surface expression. Top, COS-7 cells expressing hOAT1 Wt and its mutants were biotinylated with NHS-SS-biotin, and the labeled proteins were precipitated with streptavidin beads, separated by SDS-PAGE, and visualized by immunoblot analysis using anti-myc antibody (1:100). Bottom, intensity of the cell surface labeling from the experiment shown in top and other experiments was quantified relative to the Wt intensity. Each column shows the mean of three experiments, and the error bars show the range of observations. b, total cell expression. Top, COS-7 cells expressing hOAT1 Wt and its mutants were lysed, separated by SDS-PAGE, and visualized by immunoblot analysis using anti-myc antibody (1:100). Bottom, intensity of total cell expression from the experiment shown in top and other experiments was quantified relative to the Wt intensity. Each column shows the mean of three experiments, and the error bars show the range of observations.
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The diminished cell surface expression of mutants W346A and T349A could result from an impaired membrane targeting or from a decreased total cell expression of the transporter protein. To differentiate between these possibilities, we determined the amount of the protein in whole cell extracts. Our results (Fig. 2b) showed that the total cell expression of these mutants correlated well with their cell surface expression. The 80-kDa band corresponds to the mature and cell surface form of hOAT1 (Tanaka et al., 2004) , and the 60-kDa band corresponds to the immature form of hOAT1, which resides in the endoplasmic reticulum (Tanaka et al., 2004) . The low intensity of the 60-kDa band in wild-type (Wt) hOAT1 and its mutants Y353A and Y354A suggests the efficient conversion of hOAT1 from its immature form to its mature form.
The Role of Tyr-353 and Tyr-354. The above-mentioned studies showed that substitution of Tyr-353 and Tyr-354 with alanine resulted in a complete loss of transport activity. Yet, these nonfunctional mutants had significant cell surface expression. To elucidate the molecular mechanisms underlying the effect of mutation at these positions, we mutated aromatic residues Tyr-353 and Tyr-354 to two other aromatic residues Phe or Trp. As shown in Fig. 3a , top, substitution of Tyr-353 with Trp was unable to recover the transport activity lost by substitution with alanine, whereas substitution of Tyr-353 with Phe recovered the transport activity to ϳ30% wild type. Similar to the substitution with alanine, substitution of Tyr-354 with Phe or Trp both resulted in nonfunctional transporters (Fig. 3b, top) . Immunoblot analysis (Fig.  3, a and b, bottom) showed that all the mutants had significant cell surface expression, compared with that of the wildtype hOAT1.
The Role of Trp-346 and Thr-349. The studies in Fig. 1 showed that substitution of Trp-346 and Thr-349 with alanine resulted in a complete loss of the expression of the transporter protein. To investigate the underlying mechanisms, we examined the degradation of these mutants using a battery of different inhibitory reagents. Cells degrade proteins through two major systems, the proteasome and the lysosome. The proteasome is involved in the degradation of most cytosolic and nuclear proteins as well as some membrane proteins (Jensen et al., 1995; Sepp-Lorenzino et al., 1995; Ward et al., 1995) , and it removes misfolded or misaggregated proteins in the endoplasmic reticulum (Kopito, 1997). The lysosome degrades membrane proteins and extracellular proteins that enter the cell via endocytosis (Ward et al., 1995) . These different pathways of proteolysis can be determined by their sensitivity to different inhibitors. Degradation of polypeptides by the proteasome can be inhibited by MG132. Lysosomal proteolysis can be inhibited by leupeptin, pepstatin A, NH 4 Cl, or chloroquine. As shown in Fig. 4 , treatment of cells expressing wild-type hOAT1 with lysosomal inhibitors (50 g/ml leupeptin/pepstatin A, 2 mM NH 4 Cl, and 100 M chloroquine) led to the accumulation of a 80-kDa protein in the total cell extracts, which corresponds to the mature and cell surface form of hOAT1 (Tanaka et al., 2004) . However, the same inhibitors did not result in the accumulation of 80-kDa mutant proteins. We also tried these inhibitors at higher concentrations (100 g/ml leupeptin/pepstatin A, 5 and 15 mM NH 4 Cl, and 200 M chloroquine). Again, no accumulation of mutant proteins was observed (data not shown). In contrast, treatment of cells with proteasomal inhibitor MG132 resulted in the accumulation of 60-kDa proteins in the total cell extracts for both the wild type and its mutants (Fig. 5) . The 60-kDa protein corresponds to the immature form of hOAT1, which resides in the endoplasmic reticulum (ER) (Tanaka et al., 2004) .
Discussion
OATs play essential roles in the body disposition of clinically important anionic drugs, including anti-human immunodeficiency virus therapeutics, antitumor drugs, antibiotics, and antihypertensive and nonsteroidal anti-inflammatory drugs (You, 2002; Burckhardt and Burckhardt, 2003; Eraly et al., 2004; Sweet, 2005; Sekine et al., 2006) . In the present study, we probed the contribution of the putative TM7 to the function of hOAT1 by combined approaches of site-directed mutagenesis, transport analysis, cell surface biotinylation, and protease inhibition. These studies provided new insight into the functional importance of this transmembrane segment.
Alanine-scanning mutagenesis was first used to examine the functional importance of each residue within the putative TM7 of hOAT1. This approach identified four critical amino acid residues: . Substitution of these residues with alanine led to a complete loss of transport activity (Fig. 1 ). Other mutants with reduced transport activity (A348V, F351A, A352V, G355A, and L356A) may also be functionally important and need to be further investigated.
The lack of transport activity in mutants W346A, T349A, Fig. 4 . Western blot analysis of lysosomal inhibitor-treated cells expressing hOAT1 Wt and its mutants. Top, Western blotting. Cells were treated for 16 h with lysosomal inhibitors leupeptin/pepstatin A (50 and 100 g/ml), NH 4 Cl (2, 5, and 15 mM), chloroquine (100 and 200 M), followed by Western blotting of total cell lysates using anti-myc antibody (1:100). The blot only showed the result with lysosomal inhibitors at the following concentrations: 50 g/ml leupeptin/pepstatin A, 2 mM NH 4 Cl, and 100 M chloroquine. Bottom, the intensity of the transporter expression from the experiment shown in top and other experiments was quantified relative to the Wt intensity. Each column shows the mean of three experiments, and the error bars show the range of observations. Y353A, and Y354A could result from the lack of expression of the mutant transporter protein or could result from impaired binding abilities of the mutants for their substrates. By directly measuring transporter expression at the cell surface and in the total cell extracts, we observed two distinct phenomena ( Fig. 2) : substitution of Trp-346 and Thr-349 with alanine resulted in a complete loss of transporter expression at the cell surface and in the total cell extracts, whereas substitution of Tyr-353 and Tyr-354 with alanine resulted in transporter proteins that had significant expression at the cell surface and in the total cell extracts compared with that of the wild-type hOAT1. The effects of the side chain of Tyr-353 and Tyr-354 were further investigated by replacing these residues with Phe or Trp (Fig. 3) . The side chain of Tyr contains an aromatic ring and a ϪOH group. The side chain of Phe contains only an aromatic ring, whereas the side chain of Trp contains both an aromatic ring and an indole ring. We showed that substitution of Tyr-353 with Trp was unable to recover the transport activity lost by substitution with alanine, whereas substitution of Tyr-353 with Phe recovered the transport activity to ϳ30% of wild type. In contrast, substitution of Tyr-354 with either Phe or Trp could not recover the transport activity lost by substitution with alanine, suggesting that both the ϪOH group and the size of the side chain at position 353 and 354 are essential for the transport function. The ϪOH group often participates in substrate binding or maintaining the protein structure through forming hydrogen bonds (DiezSampedro et al., 2001; Witt et al., 2002; Leu et al., 2003) .
To investigate the mechanisms underlying the total loss of protein expression when Trp-346 and Thr-349 were replaced by alanine, we examined the degradation of these mutants using both the proteasomal and the lysosomal inhibitors. Although lysosomal inhibitors did not result in the accumulation of the mutant proteins (Fig. 4) , proteasomal inhibitor led to the accumulation of the immature form of the mutants (Fig. 5) . Proteasome serves in a "proof-reading" process in the ER and degrades misfolded or incompletely oligomerized polypeptides. Therefore, mutation at Trp-346 and Thr-349 may impose a folding defect on hOAT1, which is recognized by the ER quality control machinery as non-native and therefore marked for degradation by proteasome. As a result, escape from the ER for maturation is severely compromised.
In conclusion, we demonstrated that Tyr-353 and Tyr-354 play critical roles in the substrate binding of hOAT1, whereas Trp-346 and Tyr-349 are essential for maintaining the stability of the transporter. This is the first detailed molecular identification and characterization of critical amino acid residues in the putative TM7 of hOAT1 and may provide important insight into the structure-function relationships of the organic ion transporter family.
